Direct numerical simulations are performed to analyze the flow dynamics and the mixing properties of natural ͑unforced͒ and excited coaxial jets at moderate Reynolds number. First, the study of the natural coaxial jet, with species injected in the outer jet alone, allows us to understand the role of the coherent vortices on the mixing process during the transition stage. It is observed that the global flow behavior is controlled by the dynamics of the outer shear layer during the transition. The streamwise vortices are shown to play a significant role in the mixing process since they initiate intense ejections from the seeding regions. Spots of pure ͑unmixed͒ species from the outer jet are seen to persist far downstream. Two different types of inflow forcing are then considered based on the information provided by the natural coaxial jet: first, a purely axisymmetric excitation and second, combined axisymmetric and azimuthal excitations all of moderate amplitude. These excitations are applied to the outer shear layer with a frequency corresponding to the periodic passage of the outer vortical structures. The goal of these excitations is to trigger the vortices formation and to control their dynamics to improve the mixing properties of the jet. With the purely axisymmetric excitation, the outer and inner Kelvin-Helmholtz vortices appear earlier than for the natural jet and the transition process is faster. This early three-dimensionality growth is due to a rapid appearance of streamwise vortices, stretched between consecutive vortex rings, which lead to enhanced mixing. For the combined axisymmetric and azimuthal excitations, the outer Kelvin-Helmholtz rings appear moreover with an azimuthal deformation from the beginning of the jet. This allows for the early generation of streamwise vortices. The vortex stretching phenomenon takes place near the jet inlet with a growth of the axial component of the vorticity fluctuations. The ejections of species from the outer jet thus appear sooner and with a larger intensity. Finally, the mixing efficiency is studied through the global mixedness and the intensity of segregation.
I. INTRODUCTION
Coaxial jets are composed of an inner jet surrounded by an annular jet. These are present in various industrial applications and are often used as an effective way of mixing two different fluid streams ͑chemical engineering systems, combustion devices, …͒. The study of the mixing properties of coaxial jets has often focused on the near-field because the largest proportion of the mixing takes place in the developing region containing the potential cores. 1 As pointed out by Crow and Champagne, 2 the largescale coherent structures emerging in shear flows play a dominant role in the turbulent transport. Therefore, several authors have focused on the role played by coherent vortices on the near-field mixing in coaxial jets. For instance, Villermaux and Rehab 3 showed that the interface between the two streams increases with the instability of the outer shear layer and so the vorticity thickness of the outer shear layer is an important parameter. Ko and co-workers [4] [5] [6] were the first to investigate in detail the near-field of coaxial jets. The coaxial jet presents two shear layers: one between the ambient fluid and the outer jet and another one between the outer jet and the inner jet. They found two sets of vortex rings in the outer and inner shear layers and concluded that these vortices exhibit a dynamics similar to the vortex dynamics in a single jet. However, more recent works [7] [8] [9] have shown that the near-field vortex structure of a coaxial jet cannot be considered as a combination of several single jets. Indeed, Dahm et al. 7 and Wicker and Eaton 9 found that the vortical motion is dominated by the vortices emerging in the outer shear layer when the annular flow velocity is larger than the central one.
For similar velocity ratios, Balarac and Métais 10 showed that the vortices of the outer shear layer develop with a Strouhal number corresponding to the value predicted by the linear stability theory for the Kelvin-Helmholtz instability of this shear layer. Conversely, they found that the inner vortices are trapped in the free space between two consecutive outer vortices showing that the inner vortices evolution is dictated by the outer vortices motion: it is the "locking" phenomenon. As in plane mixing layers 11 and single jets, 12 the coaxial jets develop counter-rotating pairs of streamwise vortices stretched between consecutive vortex rings: these play a major role in the mixing process. Indeed, in a recent numerical study, 13 we have shown that the ejections of the species seeded in the outer jet associated with these streamwise vortices strongly enhanced the jet mixing properties. Balarac et al. 13 also demonstrated that the turbulent mixing process is strongly affected by the jet upstream conditions, which modify the transitional state. In particular, inflow initial conditions which favor the appearance of streamwise vortices were seen to strongly enhance the jet mixing properties. For example, Balarac et al. 13 varied the velocity ratio r u = U 2 / U 1 between the outer jet velocity U 2 and the inner jet velocity U 1 . It is well known 14 that the jet develops a large reverse flow region, called recirculation bubble, for very high velocity ratio. The recirculation bubble is seen to favor 13 the production of intense streamwise just downstream of the bubble 15 and consequently enhance the jet mixing.
The goal of the present work consists of proposing inflow forcing procedures designed to increase the mixing of coaxial jets. Several experimental and numerical studies have been devoted to the influence of inlet conditions for single jets, but it is only recently that forcing procedures have been proposed for coaxial jets. [16] [17] [18] Furthermore, coaxial jets control has nowadays been investigated mainly through experimental means. The dynamics of free shear flows being mainly determined by the development of the coherent structures near the flow inlet, several studies have concentrated on the manipulation of the flow vortices through passive or active control. As far as the single jet is concerned, the main motivations consist of reducing the emitted noise or in enhancing its mixing capabilities. Passive control techniques consist of the modification of the nozzle shape 19 or in adding "tabs" or "chevrons" on a circular nozzle. 20, 21 Active jet control is obtained through energy consuming devices which create a deterministic perturbation at the jet inlet. In practice, this can be obtained by using loudspeakers, 2 flap actuators, 16 or microjets. 22 Concerning single jets, numerical studies are able to mimic these active control devices by adding a deterministic perturbation at the jet inlet. Thus, da Silva and Métais 23 mimic the forcing methods used in experimental bifurcating jets ͑see Reynolds et al. 24 for a review͒. Their studies of the coherent vortex dynamics show that an inlet excitation which combines an axisymmetric excitation at the most amplified unstable frequency and a flapping excitation at the subharmonic frequency allows a spectacular increase of the jet spreading in one preferential direction. They show the possibilities of controlling the jets even at high Reynolds number and with a lower forcing amplitude than the amplitude used in other numerical works. 25 Other numerical ͑DNS/LES͒ works [26] [27] [28] determine the most efficient forcing frequencies but they use also high forcing amplitudes. Several recent numerical works have been devoted to the influence of inlet conditions on the radiated sound by turbulent jets ͑see Bodony and Lele 29 for an extensive review͒. Among them one may quote Morris et al. 30 and Bogey and Bailly, 31, 32 who systematically investigated the role of inflow forcing and Andersson et al. 33 Note that all the previously quoted works were only devoted to single jets.
As far as coaxial jets are concerned, the recent development of microelectromechanical systems ͑MEMS͒ makes new ways of control possible. [16] [17] [18] These works show that a nonaxisymmetric forcing ͑based on microflap actuators͒ allows a faster development of the streamwise vortices, and it is observed that this forcing leads to mixing enhancement. In these studies, the forcing is applied only on the outer shear layer because of its domination on the jet dynamics. Ritchie et al. 34 developed an active mixing control through synthetic jets placed circumferentially around the main jet. Thus, large-scale structure modifications, especially in the outer mixing layer, have a large effect on the mixing properties of coaxial jets. Inspired by the previous experimental studies on coaxial jets control, the present work is the first numerical study devoted to the design of deterministic inflow perturbations of low amplitude aimed at controlling the jet mixing. The present study complements our previous works 13 for which only random inlet perturbations were used with no deterministic forcing. We follow a methodology close to the one adopted by da Silva and Métais 23 for the single jet. The coaxial jets considered have moderate Reynolds number allowing us to use direct numerical simulations ͑DNS͒ ͑Re = U 2 D 1 / = 3000 where U 2 is the outer jet velocity and D 1 is the inner jet diameter͒.
This paper is organized as follows: The next section details the numerical methods and the flow parameters used in the calculations, and the different types of forcing used in this work are also presented. In Sec. III, the dynamics and mixing properties of the natural ͑unforced͒ coaxial jet is briefly recalled. We then investigate the modifications induced by the various types of excitations on the vortex structures and mixing abilities. A quantification of the mixing efficiency based on the global mixedness and on the intensity of segregation is performed. The last section is devoted to some concluding remarks.
II. NUMERICAL METHOD AND FLOW PARAMETERS

A. Numerical method
The same numerical code is used to perform all the computations presented here. The constant density Navier-Stokes equations, written in Cartesian coordinates, are solved in a parallelelipedic computational domain. The spatial discretization uses a mixed pseudospectral scheme ͑Canuto et al. 35 ͒ in the two transverse directions taken as periodic, y and z, and a sixth-order-compact scheme ͑Lele 36 ͒ in the streamwise direction, x. The time advancement is assured by a third order Runge-Kutta scheme ͑Williamson 37 ͒. Pressure-velocity coupling is modelled by a fractional step method requiring us to solve a Poisson equation to ensure incompressibility of the velocity field. The outlet boundary condition uses a nonreflective outflow condition ͑Orlanski 38 ͒ where the convective and viscous terms are explicitly advanced. Gonze 39 showed that the coherent structures are not distorted by this condition when leaving the computational domain. The mixing is studied by considering the mixture fraction, f, of the species seeded within the outer annular jet at the jet inlet. Thus, f =1 ͑respectively, 0͒ if there are only species seeded in the outer annular at the inlet ͑respectively, if there are only species seeded in the remainder of the upstream jet: the inner jet and the co-flow͒. The mixture fraction evolution is given by a transport equation ͑convection-diffusion͒ which is solved simultaneously with the Navier-Stokes equations. For the spatial discretization of the convection term, we use a second-order semidiscretized TVD Roe scheme. 40 This code has been previously used in several studies of plane, 41 round, 23 and coaxial 13, 42 jets. The inlet condition is given by a velocity profile in Cartesian coordinates ͑x , y , z͒, U ជ ͑x ជ 0 , t͒ = ͑U͑x ជ 0 , t͒ , V͑x ជ 0 , t͒ , W͑x ជ 0 , t͒͒, prescribed for each time step. Note that we use also the cylindrical coordinates ͑x , r , ͒ for results analysis. The inlet velocity profile has the shape
,0͒ mimics a realistic experimental profile of coaxial jets, U coax ͑x ជ 0 ͒ is constructed by two hyperbolic tangent profiles,
In Eq. ͑2͒, U 1 , U 2 , and U 3 are the inner jet, the outer jet, and the co-flow velocities, respectively. Moreover, R 1 , R 2 , and R m = ͑R 1 + R 2 ͒ / 2 are the inner, the outer, and the averaged radii, and 01 and 02 are the inlet momentum thicknesses of the inner and outer shear layers, defined in terms of D 1 in Sec. III C below. A sketch of the inlet velocity profile is given by Fig. 1 . The inlet mixture fraction profile is also built with hyperbolic tangents ͑see Balarac et al. 13 ͒. We prescribed f = 1 in the outer annular jet and f = 0 in the remainder of the flow. U ជ noise ͑x ជ 0 , t͒ is a random noise superimposed on the inlet profile. It is given by
where A is the maximum amplitude of the incoming noise limited to A = 3%. The noise is mainly located in the inner and outer shear layers by the U base ͑x ជ 0 ͒ function, 
·
This function is defined following experimental measurements which show that the velocity fluctuations, at the jet entrance, are mainly located in the shear layer gradients ͑see, for example, Fig. 2 in Rehab et al. 14 ͒. In Eq. ͑3͒, f ជ is a random noise applied in the three directions and designed to satisfy a given energy spectrum. Note that the noise is imposed on the three velocity components. More details about the inlet mean velocity profile and the noise in coaxial jets can be found in da Silva et al. 15 Previous works 15, 42 using the same kind of inlet perturbation have shown a good agreement between the numerical and the experimental data.
Note that a random forcing only mimics the turbulent fluctuations encountered at the inlet of the real jets and that the obtainment of realistic inflow conditions would require much more computational efforts with the computation of the inlet nozzle. As pointed out above, the noise is mainly located within the shear layer gradients in agreement with the experimental observations. One of the weaknesses of the random noise remains however the lack of correlation between the various components of the fluctuating velocity field. Figure 2 shows the downstream evolution of the correlation coefficient 
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for a jet disturbed only by this random noise ͑Sec. III A͒. Note that the brackets designate a temporal averaging calculated by accumulated data over 6000 instantaneous fields over a time period which allows more than 30 KelvinHelmholtz vortices to leave the computational domain. It can be clearly seen that, despite the synthetic inlet perturbation with zero correlation, the velocity correlations built very fast with a nearly constant level reached around x / D 1 Ϸ 0.4. In Eq. ͑1͒, U ជ forc ͑x ជ 0 , t͒ corresponds to the deterministic perturbation imposed to excite the jet. The various forcing excitations used in the present work are described in the next section.
B. Forcing types
The various excitations are designed to force the appearance of the large axisymmetric rings of the outer shear layer and subsequently manipulate their dynamics. As shown in previous works, 7,9 coherent vortices in high velocity ratio coaxial jets are strongly dominated by the outer vortices in the near-field. Moreover, the outer vortices travel with a frequency f outer associated with a Strouhal number corresponding to the value predicted by the linear stability theory, St = f outer 02 / U c2 Ϸ 0.033 with U c2 velocity averaged across the outer shear layer. 10 All the excitations considered in the present work are performed at the preferential frequency f outer to trigger the formation of the outer rings. The forcing U ជ forc ͑x ជ 0 , t͒ = ͑U forc ͑x ជ 0 , t͒ ,0,0͒ is only applied to the axial velocity. The excitations is localized in the outer shear layer and is associated with a moderate amplitude to minimize the addition of energy at the inlet. Moreover, U forc ͑x ជ 0 , t͒ is defined to be always positive. This corresponds to a pure blowing without aspiration which is more realistic as far as practical applications are concerned.
The first type of forcing corresponds with a purely axisymmetric excitation, U forc ͑x ជ 0 , t͒ is thus given by
where U loc ͑x ជ 0 ͒ is a function designed to localize the excitation only in the outer shear layer,
ͮ
The maximum amplitude is fixed by ⑀ and is taken equal to 8% of U 2 for all the computations. Note that this correspond to a relatively low forcing amplitude, 23, 43 since it is interesting to be able to control the jet dynamics with a low level of added energy.
The second type of forcing has the same amplitude as the previous one but now consists of the superposition of an axisymmetric excitation and an azimuthal disturbance characterized by an azimuthal wave number N. It is given by
where is the azimuthal angle of x ជ 0 and N is the azimuthal wave number of the excitation. The role of the azimuthal excitation consists of deforming the axisymmetric rings. A sketch of the azimuthal excitation is given in Fig. 3 . The first study concerning the most unstable wave number of an isolated vortex ring was performed by Widnall et al. 44 Their theory based on inviscid instability gives reasonably good results for very high Reynolds numbers as compared to experimental observation. However, the latter indicates that the number of azimuthal waves increases with the Reynolds number. 45 Saffman 46 revisited Widnall's work by including the viscosity effects. This enabled us to predict the dependence of the most unstable wave number with the Reynolds number: a good agreement with the experimental results was obtained. Saffman obtains N as a function of the Reynolds number, the diameter of the nozzle, and the stroke of the piston used to create the isolated vortex ring. In the case presented here, considering the length between two consecutive outer vortex rings instead of the stroke of the piston, it seems that the most unstable wave number is located around N =10 ͓see Eqs. ͑4.4͒ and ͑4.6͒ in Saffman 46 ͔. To study the influence of N, we not only consider the value N = 10 but also two other values N = 5 and N = 15. In fact, this excitation mimics the role played by N microjets placed circumferentially around the outer nozzle and ejecting periodically with a frequency f outer . Microjets have been recently used in laboratory experiments to reduce the single jet noise. Indeed, Arakeri et al. 22 use microjets ejecting continuously and show the possibility of reducing the noise. In this case, the microjets have similar effects than a co-flow. Pulsed microjets have been used by Choi et al. 47 and Ibrahim et al. 48 with different control strategies. These studies show that the microjets have a potential for future use as a device for shear flow control. Numerically, the work of Soteriou et al. 49 studied the impact of the streamwise vorticity on jet noise by the "vortex method." Their upstream field with 12 equally spaced streamwise vorticity patches distributed around the jet circumference is close to the upstream field given by microjets placed following the radial direction. Finally, let us recall that Ritchie et al. 34 used nine synthetic jets to control coaxial jets and they show the capability of this active control to stimulate the small-scale mixing. Note that a "vortex ring" forcing procedure was previously designed by Bogey et al. 50 based on the excitation of a specific combination of the jet azimuthal modes. A random phase was used in order to generate an excitation with a broad frequency range and trigger a rapid generation of small scale turbulence. This is at variance with the present work which uses a deterministic perturbation at the preferential frequency of the jet to favor the formation of the large axisymmetric rings of the outer shear layer. Bogey et al. 50 furthermore excited a large number of azimuthal modes when we limit our excitation to a given specific azimuthal wave number.
C. Flow and computational parameters
All the simulations have been carried out on the same domain. Its size is 10.8D 1 ϫ 10.65D 1 ϫ 10.65D 1 along the streamwise ͑x͒ and the two transverse directions ͑y , z͒, and D 1 is the inner diameter. This domain consists of 231 ϫ 384ϫ 384 grid points with uniform mesh size. The inlet velocity profile given by Eq. ͑2͒ is defined by the velocity ratio r u = U 2 / U 1 = 5, the radius ratio ␤ = R 2 / R 1 = 2, and the initial momentum thicknesses, D 1 / 01 = D 1 / 02 = 25. In all the simulations the Reynolds number based on the outer jet velocity and the inner jet diameter is Re= U 2 D 1 / = 3000. The Schmidt number is taken to be equal to 1. The various simulations differ only by the nature of the excitation defined by U ជ forc ͑x ជ 0 , t͒. Note that for these values of the parameters, the jet does not exhibit a recirculation region near its inlet ͑see Balarac and Métais 42 ͒.
III. RESULTS AND DISCUSSIONS
A. Natural coaxial jets: Flow dynamics and mixing properties
In this section, we first consider the jet with a white noise perturbation only ͑U ជ forc ͑x ជ 0 , t͒ =0 ជ ͒. This part briefly summarizes some of the results previously obtained by Balarac et al. 13 and constitutes a reference case to which the various forced cases can be properly compared. We will refer to this case with random forcing only as the "natural" jet since there is not a deterministic perturbation added to the inlet profile thus allowing the "natural" development of the instabilities. Figure 4 shows a global picture of the coherent vortices in the near-field of the natural coaxial jet. It shows isosurfaces of Q Ͼ 0, where Q is the second invariant of the velocity gradient tensor. This positive Q criterion to identify coherent vortices has been originally proposed by Hunt et al. 51 and has proven to be a good indicator of the coherent vortices ͑see Dubief and Delcayre 52 and Lesieur et al. 53 ͒. The first stage of the transition, until x / D 1 = 5, shows the development of inner and outer quasiaxisymmetric vortex rings in both inner and outer shear layers due to Kelvin-Helmholtz instabilities. We can see that the inner Kelvin-Helmholtz vortices are located between two consecutive outer Kelvin-Helmholtz vortices, the inner and outer wavelengths are so equal. This is due to the "locking" phenomenon mentioned in the Introduction. Around x / D 1 = 5, the first streamwise vortices begin to form. They appear by counter-rotating pairs in agreement with the classical scenario of transition in free shear layers. 11, 12 The appearance of longitudinal vortices is accompanied with an abrupt transition towards a developed turbulent state testified by a broad range frequency spectrum with turbulent energy present at all simulated scales. It was furthermore shown that the frequency spectra exhibit a well defined −5 / 3 range over about one decade followed by a smooth transition into the dissipative region ͑see Balarac et al. 13 
͒.
A first view of the mixture fraction evolution is given in Fig. 5 showing the main stages of the mixing process. After a region ͑until x / D 1 =5͒ where the mixing process is mainly dominated by molecular diffusion, the turbulent mixing develops thanks to coherent vortices. Figure 6 shows that ͗f͘ remains equal to 0 and 1 in the inner and outer jet, respectively, whereas ͗f͘ varies at the interfaces ͑between the inner and outer jet and between the outer jet and the ambient fluid͒ characterizing the molecular diffusion for x / D 1 Ͻ 5. At about x / D 1 = 5, Kelvin-Helmholtz vortices allow an engulfment of the two streams through the inner and outer shear layers. This implies a radial periodic pulsation due to the ring structures as shown in the animations of Balarac et al. 13 After x / D 1 = 6, views of the mixture fraction contours in transverse sections ͓Fig. 5͑b͔͒ show mushroom-type structures. They characterize the ejection of species seeded in the outer annular jet implied by the counter-rotating streamwise vortices ͑see also video linked to Fig. 5 online͒. These ejections allow for the interpenetration of both streams and really initiate the turbulent mixing. Indeed, the rms axial vorticity ͗ x Ј 2 ͘ 1/2 exhibits a growth corresponding to the streamwise vortices emergence which is accompanied with a sudden increase of the rms mixture fraction, ͗fЈ 2 ͘ 1/2 ͑Fig. 7͒. Finally, at the end of the transition region, the turbulent scales undergo an intense turbulent mixing. In this region, the mixture fraction profiles ͑Fig. 6͒ show that the mean mixture fraction is maximum in the jet center. Thus, large 
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Mixing enhancement in coaxial jets through inflow Phys. Fluids 19, 075102 ͑2007͒ amounts of species seeded in the upstream annular jet invade the center of the jet and the inner and outer mixing layers merge in order to create a single mixing zone similar to a single jet. However, Fig. 8͑a͒ shows that regions of unmixed species persist. The study of probability density function ͑PDF͒ of the mixture fraction, as performed by Stanley et al. 54 in plane jets, helps to characterize the mixing in this region. Figure 8͑b͒ shows the mixture fraction PDF at x / D 1 = 10 across the only remaining mixing layer. A nonmarching PDF for the mixing layer is found. A nonmarching PDF is characterized by a most probable value of f quasiindependent of the radial position and distinct from the mean value, in contrast to a marching PDF where the most probable value equals the mean value. The nonmarching PDF is 
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produced by the persistence of large-scale mixing whereas the marching behavior is the signature of small-scale mixing. 55 The mixture fraction PDF type shown by Fig. 8͑b͒ reveals an important turbulent mixing activity due to large scales. On the PDF, there are important probabilities to find f = 1 near the jet center ͑r / D 1 = 0, 0.46, and 0.92͒. This constitutes the signature of the remaining large spots of unmixed species. Its reveals that the mixing is not homogeneous in this region. Thus, the goal of the next part is to find appropriate excitations to allow a better homogeneity with a decrease of unmixed species at the end of the computational domain.
B. Axisymmetric excitation
Flow dynamics
Here, we investigate the flow dynamics of a coaxial jet under the purely axisymmetric excitation ͓Eq. ͑4͔͒. An instantaneous view of coherent vortices is displayed in Fig. 9 which shows an isosurface of positive Q colored by streamwise vorticity. We can see that the outer Kelvin-Helmholtz rings undergo a rapid amplification and are well formed from the beginning of the jet. Moreover, they exhibit a more axisymmetrical shape than for the unforced case. The inner Kelvin-Helmholtz rings also undergo the influence of the forcing. This is due to the dynamical domination of the outer vortices which impose their motion to the inner structures, which appear earlier and are strongly axisymmetric. The amplification of Kelvin-Helmholtz instabilities allows an acceleration of all the transition stages. Thus, the first streamwise vortices begin to form around x / D 1 = 3 between two consecutive outer Kelvin-Helmholtz vortices instead of x / D 1 =5 in the natural case. After x / D 1 Ϸ 4, the streamwise vortices are well formed and we can observe roughly 15 counter-rotating pairs. Conversely to the outer vortex rings, the inner ones persist during the transition without exhibiting any azimuthal distortion until x / D 1 Ϸ 5 as shown by Fig. 10 which displays a zoom on an isosurface of Q Ͼ 0 in the inner shear layer ͑the outer structures have been artificially suppressed͒. Therefore, if the Kelvin-Helmholtz instability of the outer shear layer influences the formation of the inner Kelvin-Helmholtz vortices from the beginning of the jet, we will see below that it seems that the azimuthal disturbance of the outer rings during the transition ͑due to an azimuthal instability͒ does not influence the inner rings. Finally, the early streamwise vortices appearance allows a rapid growth of the small turbulent structures since the vortex stretching phenomenon linked to the streamwise vortices generation is the dominant factor leading to transition to a fully developed turbulent regime. 42 A better understanding of the flow modification can be obtained through the turbulent kinetic energy. Thus, we define the following quantities E r and E by 15
for the inner shear layer and by
for the outer shear layer, respectively. In these equations, u r Ј is the radial component and u Ј is the azimuthal component of the fluctuating velocity. Numerically, Eqs. ͑8͒ and ͑9͒ are computed by integration from R m to the limit of the numerical domain. These quantities are the contributions of the radial, E r , and azimuthal, E , Reynolds stresses to the turbulent kinetic energy at a given downstream location, x. Thus, E r is directly linked to the development of the jet KelvinHelmholtz instabilities, i.e., with the growth of the vortex rings. Conversely, E is associated with the azimuthal instabilities and constitutes a measure of the three-dimensionality 
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Mixing enhancement in coaxial jets through inflow Phys. Fluids 19, 075102 ͑2007͒ level. For instance, a purely axisymmetric vortex ring ͑with no swirl͒ does not contribute to the azimuthal Reynolds stresses component of the turbulent kinetic energy, E =0. Figure 11͑a͒ shows the downstream evolution of E r and E for the axisymmetric excitation in the outer shear layer. The same quantities in the natural case are also shown for comparison. Thus, we can see that the forcing implies an earlier growth of these quantities than in the natural case. In the early transition, the main contribution to the turbulent kinetic energy comes from the radial component and E Ϸ 0. This is consistent with the very axisymmetric vortex rings observed in this first region. Moreover, E has a significant contribution from x / D 1 = 4 corresponding to the streamwise vortices emergence in the outer shear layer. For the inner shear layer ͓Fig. 11͑b͔͒, the radial contribution is also the main contribution to the turbulent kinetic energy near the entrance of the jet. However, we see that E keeps a behavior very close to the natural case during the transition. Thus, the azimuthal disturbance of the outer shear layer does not seem to influence the inner shear layer in the first steps of the transition ͑conversely to the Kelvin-Helmholtz instabilities͒. It is consistent with the axisymmetric persistence of the inner vortices detected by the instantaneous visualizations. Finally, we note for the two shear layers that, in the axisymmetric excitation case, E catches up with E r after x / D 1 = 7, showing a full three-dimensionalization of the jet as opposed to the natural case. The modifications of the transition due to the forcing have a great influence on the mean flow. Thus, there is a diminution of the outer and inner potential core lengths ͓Fig. 12͑a͔͒. The diminution of the inner potential core length is accompanied with an important decrease of the mean axial velocity along the jet centerline. This is due to the intense inner Kelvin-Helmholtz vortices which entrain an important part of the fluid issued from the inner jet. Moreover, the outer shear layer thickness grows more rapidly in the forced case as shown by the mean velocity profiles at several downstream locations ͓Fig. 12͑b͔͒. Indeed, at x / D 1 = 6, the mean axial velocity profile is close to the initial profile in the unforced case ͑with a maximum value close to U 2 ͒, whereas the mean axial velocity profile at the same downstream location shows an outer shear layer broader in the forced case ͑with a maximum value of the axial velocity of the order of 0.85U 2 ͒. It is because the momentum transfer from the outer annular jet towards the ambient fluid is more pronounced in the forced case due to the early streamwise vortices emergence. Thus, at the end of the computational domain ͑x / D 1 =10͒, the mean axial velocity profile is broader; ͗u x ͘ reaches the co-flow value for r / D 1 տ 2.3 in the forced case instead of 
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Balarac, Métais, and Lesieur Phys. Fluids 19, 075102 ͑2007͒ r / D 1 տ 2 in the natural case. However, at the end of the computational domain, the velocity in the jet center is weaker in the forced case than in the natural case and the maximum value of the mean velocity is not yet located on the center of the jet in the forced case. It is because there is an important decrease of the mean axial velocity along the jet centerline close to the entrance of the jet in the forced case. Thus, the momentum transfer from the outer jet to the inner jet which allows the velocity increase in the center during the transition is not sufficient to homogenize the velocity, conversely to the unforced case. However, in this region, the jet has reached a developed turbulent state as shown by the time spectrum computed from the axial velocity component at x / D 1 =10 ͑Fig. 13͒. Figure 14 shows contours of the mixture fraction in the central plane to illustrate the basic mixing features in the axisymmetric forcing case ͑see also video linked to Fig. 14 online͒. We can see that the molecular diffusion stage is shorter in this case as compared with the unforced case ͑see Fig. 5͒ . This is due to the Kelvin-Helmholtz rings which activate the engulfment of the outer stream as early as x / D 1 Ϸ 1.5. After x / D 1 Ϸ 4.5, this stage is followed by the ejection phenomenon associated with the intense streamwise vortices and marked by the appearance of mushroom-type structures ͓Fig. 15͑a͔͒. It is important to note that no spots of unmixed fluid are visible in the jet core at the end of the computational domain ͓Fig. 15͑b͔͒.
Mixing behavior
These observations are corroborated by the statistics. Figure 16͑a͒ shows the mean mixture fraction profiles at several downstream locations. The mean mixture fraction profile at x / D 1 = 4 confirms that Kelvin-Helmholtz vortices allow a large diffusion of the species issued from the outer jet both in the inner jet and in the ambient fluid. Moreover, at x / D 1 =6, the influence of the outer streamwise vortices ejections is clearly visible through an important widening of the mean mixture fraction profile towards the ambient fluid. However, we can see that the part of the outer species which invades the inner jet is less important than the part of the outer species which invades the ambient fluid. This is because there is no early streamwise vortices generation on the inner shear layer conversely to the outer shear layer to help the mixing between the inner and outer streams as shown during the flow dynamic study ͑the mixing is only due to the KelvinHelmholtz vortices͒. It is confirmed by the rms mixture fraction evolution in the downstream direction ͓Fig. 16͑b͔͒. In- 
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Mixing enhancement in coaxial jets through inflow Phys. Fluids 19, 075102 ͑2007͒ deed, in the outer jet, ͗fЈ 2 ͘ 1/2 begins to grow earlier in the forced case ͑at x / D 1 = 4 instead of 6͒ implying a faster turbulent mixing in this region. Whereas in the inner jet, the rms mixture fraction grows around x / D 1 = 6 in both cases: forced and unforced. Note that after x / D 1 = 8, the rms quantities are smaller in the forced case, showing a diminution of the turbulent mixing activity linked to a better species homogenization. Figure 17 shows the mixture fraction PDF of the shear layer at x / D 1 = 10. Contrary to the natural case, a marchingtype PDF is obtained since the most probable value of f corresponds to the mean value at each radial location. This indicates a homogeneous mixing in this region. Moreover, the probability to find spots of unmixed species ͑f =1͒ is zero contrary to the natural case. This indicates that the axisymmetric forcing leads to an enhanced mixing.
C. Azimuthal excitations
Flow dynamics
We now investigate the flow dynamics of a coaxial jet under azimuthal excitations ͓Eq. ͑5͔͒. Instantaneous views of the coherent vortices are shown in Fig. 18 for the three different azimuthal wave numbers. Similarly to the purely axisymmetric forcing, the outer rings quickly form. This is due to the temporal periodic part of the forcing at the preferential mode f outer . As opposed to the purely axisymmetric forcing, the outer rings are no longer axisymmetric due to the azimuthal excitations leading to a deformation of these tori. Figure 19 shows the first outer Kelvin-Helmholtz ring generated by each excitation ͑purely axisymmetric and combined͒. We can already see these rings distorted in the azimuthal forced cases conversely to the purely axisymmetric case showing the influence of the azimuthal part from the beginning of the jet. Figure 20 focuses on the inner rings. Conversely to the outer ones, they remain very axisymmetric without azimuthal deformation. This confirms the previous observation that, during the first transition stages, and although the outer shear layer controls the generation of inner Kelvin-Helmholtz instability, it does not seem to influence the inner rings as far as azimuthal instabilities are concerned. The outer Kelvin-Helmholtz vortices distortion is amplified and is quickly followed by the appearance of N counterrotating pairs of streamwise vortices. Moreover, Fig. 18 shows that the outer Kelvin-Helmholtz vortices undergo a more intense azimuthal deformation when the azimuthal wave number is low. Thus, streamwise vortices appear slightly earlier for a low wave number excitation than for a large one or for the axisymmetric forcing case: they are well formed at x / D 1 Ϸ 4 for N = 15 and for the axisymmetric forcing case ͑Fig. 9͒ instead of x / D 1 Ϸ 3 for N = 5 and N = 10. The azimuthal disturbance associated with the low wave numbers seems to be more quickly amplified. After the streamwise vortices emergence, a lot of small turbulent structures are present and the flow becomes turbulent in all the forced cases. Figure 21 shows the contribution of the radial and azimuthal Reynolds stresses to the turbulent kinetic energy in the outer and inner shear layers ͓Eqs. ͑6͒-͑9͔͒. The evolution of these quantities in the outer shear layer is given by Fig.  21͑a͒ . Similarly to the axisymmetric forcing case ͑Fig. 11͒, both quantities grow earlier than in the natural case, but the azimuthal excitations induce an early growth of E . This is 
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linked the azimuthal deformation of the outer KelvinHelmholtz rings as soon as they appear. If E r seems independent of N, note that the growth of E starts sooner when the azimuthal wave number is low. This is confirmed by Fig. 22 , showing the maximum value of the rms streamwise vorticity
, which is found to be located in the outer shear layer. Thus, the vortex stretching phenomenon leading to the streamwise vortices begins earlier for a small value of N as seen in the flow visualizations. Figure 21͑b͒ shows the same quantities computed for the inner shear layer. We can see that E r dominates E until x / D 1 Ϸ 6 for N = 15 instead of x / D 1 Ϸ 5 for N = 5. This shows an axisymmetric persistence of the inner Kelvin-Helmholtz vortices for high wave numbers. This axisymmetric persistence is due to the fact that outer Kelvin-Helmholtz rings intensify the axisymmetric part of the inner ones much longer since the azimuthal deformation appears later on the outer rings for large wave numbers. We can note that E r Ϸ E at the end of the computational domain for the three azimuthal forcing cases, showing a full threedimensionalization similarly to the axisymmetric forcing. As the natural jet and the forced jet with axisymmetric excitation, all the azimuthal forcing cases display a broad range frequency spectrum with a −5 / 3 range over about one decade at x / D 1 =10 ͑Fig. 23͒. This indicates that the flow exhibits a developed turbulent state at the end of the computational domain.
The azimuthal excitations induce important modifications for the mean flow. As observed in the axisymmetric excitation case, Fig. 24͑a͒ shows a diminution of the outer and inner potential core length with azimuthal excitations. Note that the outer jet velocity decreases earlier for N =5 than for N = 15 because streamwise vortices appear slightly earlier in this case. The decrease of the inner potential core length is accompanied with a diminution of the velocity along the centerline. This is due to the strong entrainment implied by the intense inner Kelvin-Helmholtz vortices. It is interesting to note that the mean axial velocity along the centerline grows earlier for N = 5 than for N = 15. To explain that, we recall that there is a "competition" between two 
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Mixing enhancement in coaxial jets through inflow Phys. Fluids 19, 075102 ͑2007͒ phenomena with antagonistic consequences in this region. First, the entrainment due to the inner Kelvin-Helmholtz vortices inducing a diminution of the axial velocity on the centerline. Second, the momentum transfer phenomenon between the outer and the inner jet due to the vortex stretching phenomenon in the inner shear layer leading to streamwise vortices appearance between two consecutive inner rings. This phenomenon implies an homogenization of the inner and outer jet velocities with the increase of the inner jet velocity. Thus, in the case N = 15, the azimuthal disturbance appears later and the outer Kelvin-Helmholtz vortices intensify the axisymmetric part of the inner ones as seen before with the contributions of the radial and azimuthal Reynolds stresses to the turbulent kinetic energy in the inner shear layer ͓Fig. 21͑b͔͒. The natural formation of the streamwise vortices on the inner shear layer is therefore limited and the consequence is an important diminution of the inner jet velocity ͓Fig. 24͑b͔͒. However, in the case N = 5, the outer Kelvin-Helmholtz vortices are disturbed earlier and so the streamwise vortices formation on the inner shear layer is not limited allowing the momentum transfer between the inner and outer jets. Figure 25 shows indeed that the streamwise vortices appear earlier on the inner shear layer for N = 5. The consequence is the growth of the inner jet velocity and the velocity peak shift towards the center as shown by the velocity profile at x / D 1 =6 ͓Fig. 24͑b͔͒. Finally, the velocity profiles for the different azimuthal excitations are similar at x / D 1 = 10. They are wider than the natural case ͓until r / D 1 Ϸ 2.3 instead of r / D 1 Ϸ 2, Fig. 24͑b͔͒ due to the h transfer towards the outer shear layer which is intensified by the forcing.
Mixing behavior
The forcing at the preferential frequency f outer for both excitation types ͑purely axisymmetric and combined axisymmetric and azimuthal͒ leads to some similarities for the mixing behavior ͑see video linked to larly to the axisymmetric excitation, the molecular diffusion stage is shorter as compared with the unforced case. This is because Kelvin-Helmholtz vortices are intensified by the forcing and the engulfment of the species seeded in the outer jet starts earlier. However, the instantaneous contours of the mixture fraction in the transverse section ͑Fig. 26͒ show significant differences with the purely axisymmetric forcing. Indeed, the number of ejections, characterized by the mushroom-type structures, is equal to the azimuthal forcing wave number. Moreover, these structures are better organized than for the axisymmetric forcing due to the imposed azimuthal wavelength. It is interesting to note that the intensity of the ejection as measured by the size of a mushroomtype structure increases with decreasing wave numbers. Indeed, this size is roughly 0.7D 1 for N = 5 whereas it is roughly 0.4D 1 for N = 15. This is corroborated by the mean mixture fraction profiles at x / D 1 =6 ͓Fig. 27͑a͔͒. Indeed, we can see that the mixture fraction profile is wider for N =5 because of the intensity of the ejections. Thus there is an important widening of the outer mixing layer towards the ambient fluid in this case, ͗f͘ 0 until r / D 1 = 2.4 for N =5 instead of r / D 1 = 1.3 for the natural jet. However, this difference between the various N studied occurs only during the transition. When the flow reaches a developed turbulent state, the small-scales appearance leads to an equivalent mixing for the three cases and the mean mixture fraction profiles at x / D 1 = 10 are close ͓Fig. 27͑b͔͒. Therefore, the PDF at the end of the computational domain for the three azimuthal excitations were found to be very similar at the end of the transition ͑Fig. 28 shows only the case N =5͒. As in the axisymmetric forcing case, a marching-type PDF is observed revealing a good homogeneity of the mixing, conversely to 
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D. Mixing efficiency: Comparison between the different jets
As seen above, the deterministic excitations allow for an improvement of the mixing as compared to the unforced case. In this last part, we then concentrate on global quantities of the jets especially designed to evaluate the mixing efficiency. To demonstrate that the mixing properties are modified by the inflow forcing not only in the near field but also in the far field beyond the end of the outer potential core, the statistics, for the various excitation cases, will be compared at the same distance from this end. We then des- ignate as x p2 the outer potential core length and plot the downstream evolution of the statistical quantities as a function of ͑x − x p2 ͒ / D 1 . Note that x p2 differs from one forcing case to the other. Similarly to previous studies, 32,42 the outer potential core length is defined as the downstream distance from the inlet at which the mean streamwise velocity starts to differ by more than 5% from its value at the inlet. Figures 29͑a͒ and 29͑b͒ show the downstream evolution of the turbulent kinetic energy ͑TKE͒, and the mixture fraction rms integrated in sections normal to the jet axis. As previously observed, the azimuthal forcing with small values of the azimuthal wave number ͑N = 5 and N =10͒ allow for an earlier generation of streamwise vortices ͑before the end of the outer potential core͒ leading to an early growth of the TKE. These intense streamwise vortices lead to intense radial ejections of the mixture fraction, as previously shown by Fig. 26 ; this is associated with a rapid growth of the rms of the mixture fraction. It is important to note that the turbulence characteristics are significantly affected by the inflow forcing downstream of the potential core end ͓i.e., for ͑x − x p2 ͒ / D 1 Ͼ 0͔. For the forcing with small values of the azimuthal wave number ͑N = 5 and N =10͒, the TKE intensity is indeed much smaller than the value observed in the other cases. This indicates a better mixing of momentum with more TKE present in the smallest scales of the flow. Similarly, the mixture fraction rms becomes small for the forced cases showing a good homogeneity of the mixing conversely to the unforced jet. Furthermore, for ͑x − x p2 ͒ / D 1 Ͼ 2, the mixture fraction rms reaches a near constant value in the forced cases with a minimum intensity for N = 5 a sign of a more efficient mixing.
We next introduce the global mixedness and the intensity of segregation to quantify the mixing improvement due to the jet forcing. The global mixedness Z͑x͒ was introduced by Cetegen and Mohamad. 56 This quantity is the second moment of the mixture fraction,
where S is the radial section where the integration is performed. Z͑x͒ ranges from 0 for completely unmixed fluids to 1 for complete mixing. Note that this quantity is appropriate when the complete mixing is for bimolecular mixing, i.e., if each species are seeded with the same proportion. Figure 30 shows the downstream evolution of Z͑x͒ for the different cases studied ͑natural and forced͒ with the radius of S taken to be equal to 3.5D 1 , allowing the inclusion of all the regions where ͗f͘ 0. For the axisymmetric excitation, the mixing takes place in two distinct stages. First, the mixing is due to the development of intense Kelvin-Helmholtz vortices until the end of the outer potential core. This implies a first rapid growth of Z͑x͒ which reaches a value close to 0.2. Further downstream, Z͑x͒ undergoes a second brutal growth when the streamwise vortices appear ͑after the outer potential core͒. Conversely, the mixing grows monotonously during the transition for the azimuthal forcing cases due to the azimuthal deformation of the vortices from the beginning of the jet and the appearance of the streamwise vortices before the end of the outer potential core. Excitations with small values 
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To have a better view of the mixing homogeneity after the end of the outer potential core, Fig. 31 shows the intensity of segregation for the different unforced and forced cases at ͑x − x p2 ͒ / D 1 = 3.5. This quantity, introduced by Danckwerts, 57 is defined by
It ranges between 0 and 1: I = 1 when the species remain segregated whereas I = 0 when a perfectly homogeneous mixing is reached. Figure 31 shows a good homogeneity in the forcing cases conversely to the natural coaxial jet. Within the jet core ͑r / D 1 Ͻ 1.4͒, the same mixing efficiency is comparable for all the forced cases. For the axisymmetric excitation and azimuthal excitation with N = 15, I becomes larger at the interface between the jet and the ambient fluid; this indicates that the species are stirred but remains weakly segregated in that flow region. Note that, for the N = 5 excitation, the species is expelled further away from the jet core due the mushroom shape structures associated with the presence of intense longitudinal vortices as observed in Fig. 26 .
IV. CONCLUSION
The goal of the present study was to design inflow forcing procedures aimed at the mixing properties enhancement of coaxial jets at moderate Reynolds number. The forced jets dynamics and mixing properties are compared with the natural jet which was previously studied in details by Balarac et al. 13 In the natural jet, it is observed that the transition process begins with the development of Kelvin-Helmholtz vortices on the outer and inner shear layers. There is a domination of the outer Kelvin-Helmholtz vortices which impose their frequency to the inner ones. This stage allows an engulfment of species originally seeded in the outer jet through the inner and outer shear layers. Further downstream, counter-rotating pairs of streamwise vortices appear allowing the ejections of these species. They are characterized by mushroom-type structures. These ejections play an important role in the mixing process of the jet. However, at the end of the transition, the mixing in the natural coaxial jet is not homogeneous and spots of unmixed fluid remain. We have then designed deterministic excitations to allow a better mixing. Since the vortices of the outer shear layer were found to play a dominant role in the natural jet, the excitations were applied only in this outer region. Moreover, excitations with moderate amplitude were considered because of their greater interest for potential industrial applications.
Two different types of forcing were investigated. The first forcing consists of a purely axisymmetric excitation at the most unstable frequency of the outer shear layer allowing the faster development of Kelvin-Helmholtz instability of both outer and inner layers. Due to the nature of the forcing, these were found to be very axisymmetric. These intense vortices allow the engulfment of the outer stream from the beginning of the jet. Furthermore, a faster transition was observed since streamwise vortices are formed earlier and so the ejection phenomenon of the outer species is faster as compared to the unforced case. The mean flow is also strongly influenced by this forcing with a diminution of the outer and inner potential core length. Finally, the mixing is found to be more homogeneous with the disappearance of spots of unmixed species at the end of the computational domain.
The second type of forcing consists of a combination of an axisymmetric forcing and an azimuthal excitation with an azimuthal wave number N. This mimics N microjets placed circumferentially around the outer nozzle and ejecting periodically. Similarly to the purely axisymmetric case, the excitation is applied at the outer shear layer most amplified frequency. This triggers a rapid development of the outer and inner Kelvin-Helmholtz vortices implying an efficient engulfment of the outer species. The azimuthal disturbance yields an azimuthal deformation of the outer KelvinHelmholtz vortices leading to the early formation of counterrotating streamwise vortices. They are more intense during the transition for small values of the azimuthal wave number. Contrary to the Kelvin-Helmholtz instabilities, the outer azimuthal instabilities do not disturb the inner shear layer, and the inner Kelvin-Helmholtz vortices keep their axisymmetry. The outer streamwise vortices allow us to generate intense ejection of the species seeded in the outer jet. With these azimuthal excitations, the mixedness is found to be homogeneous without spots of unmixed fluids.
Finally, we quantify the mixedness efficiency associated with the various types of forcing through the global mixedness and the intensity of segregation. These quantities reveal the good mixing homogeneity at the end of the computational domain in all forced cases compared with the natural case. The global mixedness allows also to show that the purely axisymmetric excitation leads to a mixing development in two parts: due to the Kelvin-Helmholtz vortices, and later, due to the streamwise vortices. There is moreover an FIG. 31 . Radial evolution of the intensity of segregation at ͑x − x p2 ͒ / D 1 = 3.5 for the different cases: unforced case ͑natural͒, axisymmetric excitation ͑Axi.͒, and azimuthal excitations ͑Azi.͒ for the three wave numbers studied.
075102-16
Balarac, Métais, and Lesieur Phys. Fluids 19, 075102 ͑2007͒ early growth of the global mixedness for the excited cases with small values of the azimuthal wave number N because of the early formation of streamwise vortices.
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